The interactions of metalloporphyrins with diatomic molecular species are the heart of many key biological concepts since metalloporphyrins are toy models for heme proteins forming myoglobin and hemoglobin. An important question is how a metalloporphyrin discriminates among the isosteric π-accepting carbonyl CO, nitrosyl NO, and dioxygen O~2~ ligands. Consequently, the metalloporphyrin--ligand interactions captured the interest of chemists and theoreticians early on.^[@ref1]^ Among them, the metalloporphyrin--nitrosyl complexes have been studied intensively since NO has emerged as a ubiquitous signaling molecule in biology^[@ref2],[@ref3]^ after being longly considered as a pollutant and poison. Special attention focuses on vibrational features as fingerprints for interactions of the complex with its environment.^[@ref4]−[@ref6]^ The studies considered not only the gas phase, the solution,^[@ref2],[@ref7]^ and the solid state^[@ref8],[@ref9]^ but in recent years also nitrosyl complexes immobilized on supports like inert metal surfaces.^[@ref6],[@ref10]−[@ref12]^ Without exception in iron(II) and cobalt(II) metalloporhyrins, the NO is coordinated in a bent apical fashion, and this ligation motive is preserved in all disordered or ordered phases. Although not studied as much as their iron analogues, cobalt porphyrins gained prominent attention for the binding and activation of NO. In particular, the Co-TPP-NO (Co-TPP = cobalt tetraphenyl porphyrin) has been explored as an isoelectronic model for oxygenated protoheme.^[@ref13]^ On Ag(111), nonligated Co-TPPs assemble into large well-ordered islands even at submonolayer coverage as probed by scanning tunneling microscopy (STM). The molecules show a nonplanar conformation upon adsorption, the so-called saddle-shape deformation: one pair of opposing pyrroles is bent upward (α-pyr) with respect to the molecular plane, while the other pair is bent downward (κ-pyr) and the four phenyl meso-substituents are rotated.^[@ref14]−[@ref16]^ By using XPS, evidence of electron transfer from the silver surface to the Co metal center of Co-TPP was obtained.^[@ref10],[@ref17]^ The authors also showed that the above-mentioned Co--Ag interaction is suppressed after axial coordination of NO to the cobalt porphyrin and suggested that this effect results from competition between the two axial ligands (NO and the silver surface, considered as a point ligand). Furthermore, on a thin film of Ni(001), nitrosyl ligation can even influence the magnetic properties of Co-TPP *via* a spin switch.^[@ref18]^

In this work, we investigated bond-breaking and vibrational characteristics of the nitrosyl ligation. First, the process of controlled removal of NO ligand is demonstrated using the STM tip as a writing tool. Second, inelastic electron tunneling spectroscopy (IETS) with the STM is used as a technique for the identification of nitrosyl ligation. Traditionally, IETS yields insight into the vibrational fingerprint of adsorbed molecules *via* the excitation of modes by tunneling electrons from the STM tip that match the ℏω energy.^[@ref19]−[@ref24]^ Despite the technical difficulty and the ongoing investigation of the selection rules, the IETS technique has previously been applied successfully for the discrimination of subtle adsorbate features that are unaccessible by conventional STM imaging like denticity,^[@ref25]^ hybridization,^[@ref26],[@ref27]^ orientations,^[@ref28],[@ref29]^ chemical nature,^[@ref29],[@ref30]^ and structural isomery.^[@ref31]^

As a main finding, the presented IETS measurements evidence a unique signal at a sample bias voltage of about 31 mV for the NO-ligated Co-TPP, while no inelastic signal can be detected on the bare porphyrin. By means of extremely large *ab initio* IETS simulations, we reproduce the experimental measurements for both ligated and nonligated Co-TPP molecules, permitting identification of the unique active vibration of the NO-ligated Co-TPP to be a Co--N--O in-plane rocking mode. This difference in IETS response between the NO-ligated and nonligated Co-TPP species not only enables their discrimination but also opens a route for applications as toxic gas nanosensors, nanoswitches, nanotracing of gas transport *etc.* From a fundamental point of view, the presented IETS simulations extend the previously postulated selection rules^[@ref25],[@ref29],[@ref31]−[@ref38]^ that were derived for much smaller adsorbed aromatic systems.

Experimental Results {#sec2}
====================

On the basis of both the high mobility of Co-TPP on Ag(111) at room temperature and the attractive intermolecular forces *via* the so-called T-type interaction between their *meso*-substituents, the porphyrins assemble into large highly ordered islands even at coverages well below one monolayer. Auwärter *et al.*([@ref14]) observed a noncommensurate Co-TPP assembly with three possible azimuthal orientations of the molecules each representing a parallel alignment of the main axis with the ⟨112̅⟩ high-symmetry direction of the substrate. Thereby, the main axis of a bare Co-TPP is represented by three maxima (see [Figure [1](#fig1){ref-type="fig"}a](#fig1){ref-type="fig"} outlined in yellow). The central protrusion can be assigned to the metal Co ion and the outer ones to the two opposite upward bent pyrrole rings, the α-pyrs. The four dimer peripheral features represent the four phenyl substituents responsible for the attractive interaction. This two-fold symmetry is related to the molecular saddle-shape deformation where not only the macrocycle is distorted but also the substituents are rotated with respect to the molecular plane. While this conformation was found to be important for the ligation with CO *via* a *cis*-carbonyl geometry,^[@ref11],[@ref15]^ NO binds directly to the metal center as generally expected. As reported recently, this NO coordination to the metal center affects not only the appearance of Co-TPP in STM images but also the electronic structure.^[@ref11],[@ref39]^ The former two-fold symmetry of the molecular core is strongly reduced, and the molecule shows one central protrusion (see [Figure [1](#fig1){ref-type="fig"}a](#fig1){ref-type="fig"} outlined in blue). [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows an image sequence of bare (yellow) and ligated (blue) Co-TPPs. It is obvious that the overall DOS at −700 mV sample bias voltage, probing the highest occupied molecular orbital (HOMO) of the bare Co-TPP, is different for the two molecules. As a result of the quenching of the HOMO, the ligation with NO leads to a dimer and a more four-fold symmetric appearance ([Figure [1](#fig1){ref-type="fig"}a](#fig1){ref-type="fig"}). Reducing the bias to −300 mV yields a similarity of both molecules ([Figure [1](#fig1){ref-type="fig"}b](#fig1){ref-type="fig"}). A reversal of the polarity of the sample bias results in an inversion of the topographic contrast. The imaging of NO-Co-TPP is nearly unaffected, while the macrocycle of the bare porphyrin is less pronounced ([Figure [1](#fig1){ref-type="fig"}c](#fig1){ref-type="fig"}). It should be noted that the apparent height difference between bare and ligated Co-TPP can vary with the tip termination.^[@ref11]^ Compared to Figure [2](#fig2){ref-type="fig"}, the high-resolution images in Figure [1](#fig1){ref-type="fig"}, presumably originating from an NO modified tip, evidence a more subtle height difference. Nevertheless, the relative contrast does not depend on the tip termination but sensitively on the bias voltage.

![Sequence of STM topographs of the same area imaged at different sample biases. One of the bare Co-TPPs is outlined in yellow in each image. (a) Three bright maxima represent the main axis of the molecule. In contrast, NO-Co-TPP (blue) shows only one central protrusion, while the peripheral features are unchanged. A contrast inversion is observable from (a) (−700 mV, 55 pA) to (c) (300 mV, 55 pA). The molecules may be almost indistinguishable at intermediate voltages (b) (−300 mV, 55 pA). At the energy of the Co-TPP HOMO, the nonligated porphyrin appears brighter (a), while in the unoccupied energy region at positive sample bias, this contrast is inverted (c).](nn-2013-010582_0001){#fig1}

The moderate bond of NO to the Co-TPP can efficiently be broken *via* voltage pulses applied by the STM tip. On the one hand, the low stability of the nitrosyl binding to the Co ion limits the observation of the high-energy electronic structure, but on the other hand, it enables the controlled desorption of single nitrosyl ligands *via* STM manipulation. Once the tip is centered above a NO-Co-TPP, the feedback loop is opened at a set point current of 77 pA and a sample bias of 800 mV. In the recorded *I*(*t*) traces displayed in [Figure [2](#fig2){ref-type="fig"}g](#fig2){ref-type="fig"}, a steplike change of the conductance is observed after a given time, which is assigned to the desorption of the NO. The lower current level after the desorption is consistent with topographic images at this bias. Repeating this procedure on the very same molecule leads to no additional changes in the current level. After the bias pulse, the molecule appears brighter in STM images recorded at negative sample bias and generally looks identical to bare Co-TPP. With this method, it is possible to write on a molecular level whereby the ligated porphyrins on Ag(111), assembled into large well-ordered islands with a square unit cell, act as a template. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows an image sequence of such a writing process. After several manipulations, a topograph is taken at the energy of the HOMO resonance of Co-TPP to check the desorption. The sequence in [Figure [2](#fig2){ref-type="fig"}a--f](#fig2){ref-type="fig"} is done within 15 min and shows the letters E 20, representing the name of the chair at the Technische Universität München. As it can be deduced from [Figure [2](#fig2){ref-type="fig"}g](#fig2){ref-type="fig"}, the actual writing process only takes seconds at these parameters. Using higher sample bias voltages, it is possible to remove the NO in large areas up to several hundreds of square nanometers. This nonlocal desorption points to a field-enhanced process.^[@ref40]^ Based on the available data, the interference of another mechanism such as surface-mediated electron propagation recently reported on semiconductor substrates cannot be excluded.^[@ref41]^

![Series of STM images of the same area during a writing process (a--f). A Co-TPP island on Ag(111) fully saturated with NO(gray features) can be used as a template by NO abstraction. Positioning the tip over a molecule and setting a sample bias voltage of 800 mV leads to controlled desorption of the NO (white features). Repeating this procedure at different molecules allows writing on a molecular level. (g) Some *I*(*t*) traces of such desorption processes. A step to a different conductance indicates the moment of the desorption (image parameters: (a--f) −684 mV, 77 pA; scale bar is 50 Å; (g) stabilization parameters: 800 mV, 77 pA).](nn-2013-010582_0002){#fig2}

Accordingly, the electronic structure of NO-Co-TPP at energies exceeding approximately 800 meV is not accessible by scanning tunneling spectroscopy (STS). However, to get a closer insight into the system, IETS can be used to look at the vibrational fingerprint of NO-Co-TPP on Ag(111). To this end, the STM tip is positioned above the center of a NO-Co-TPP molecule, the feedback is switched off, and d^2^*I*/d*V*^2^ spectra are recorded. This procedure is repeated with the very same tip on a bare Co-TPP, and the difference of both spectra is analyzed (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The signal on the ligated molecule shows a prominent peak around at 30.6 meV and a dip at −31.7 meV. The symmetric behavior of both the energy position with respect to the Fermi level and the intensity clearly points to a vibronic excitation as the origin of these spectral features.^[@ref23],[@ref42]^ In addition, reference spectra recorded under identical conditions on bare Co-TPP species do not show these vibrational signals (see [Supporting Information](#notes-1){ref-type="notes"}). Spectra repeatedly recorded on different NO adducts and porphyrins evidence that this signal is only detected on NO-Co-TPP species. Although the inelastic signal was detected also at slightly off-center positions, no systematic IETS mapping experiments were performed. Thus, we conclude that the inelastic signal corresponding to an excitation energy of about 31 meV is related to the ligation of the porphyrin with NO. Based solely on our experiments, an unambiguous assignment of the observed excitation to an unique vibration mode of the complex is not feasible. Therefore, extensive calculations of IETS spectra are required, although these are really challenging being a computationally very demanding task, never achieved so far. The theoretical results are discussed in the following section.

![Inelastic electron tunneling spectra of NO-Co-TPP adsorbed on Ag(111) between 0 and ±60 mV. The d^2^*I*/d*V*^2^ signal shown here is difference of the sum of 20 spectra taken on a bare Co-TPP (noisy silent signal) and on NO-Co-TPP. A clear vibrational signal is visible at an energy of about 31 meV. The dip and the peak are fitted with a single Gauss distribution.](nn-2013-010582_0003){#fig3}

Theoretical Results {#sec3}
===================

As illustrated in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, NO-Co-TPP exhibits a saddle-shape conformation in its favored adsorption position on the bridge site of a Ag(111) surface. This saddling is similar to the nonligated case (not shown) and the (CO)~2~-Co-TPP case on Cu(111).^[@ref15]^ For the bare case, the bonding distance between Co and Ag surface atoms is 2.8 Å. When NO ligates in a monodentate way, it induces a vertical lifting of the Co atom, as illustrated in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, which consequently weakens the central bond between the Co and Ag atoms at 3.5 Å. This effect is referred to as the trans-labilizing effect of NO recalled in the introduction.^[@ref2]^ As expected for diatomic gases, NO binds the adsorbed cobalt porphyrin in a bent apical fashion with a Co--N--O angle of 120° and no tilt angle. This coordination geometry is fully consistent with the so-called Enemark--Feltham count rule of *n* = 8 (summing the d electrons of Co(II) and the electron of the NO π\* orbital^[@ref2]^) and permits optimization of the orbital interaction between the NO π\* orbital lying in the normal plane of the surface and the Co d~*z*^2^~ orbital, illustrated in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. The chemical interaction with NO results in a significant downshift in energy of the Co d~*z*^2^~ orbital, which is responsible for the STM contrast at the center of the nonligated complex. Furthermore, the comparative PDOS plots of bare and NO-ligated porphyrins projected on the molecular orbitals (MO) of the substrate-free porphyrins permit selection of the prominent tunneling-active states (see [Supporting Information](#notes-1){ref-type="notes"}). As a result, the HOMO states seem to dominate the STM contrast at −0.7 V. Since the ligated HOMO state peaks at −1 eV, lying 0.2--0.3 eV lower than the nonligated HOMO state, this may explain the reduced apparent height of ligated species at this specific negative bias. However the DOS-related and spatial arguments of the MO-derived states detailed in [Supporting Information](#notes-1){ref-type="notes"} are not enough to fully rationalize the bias-dependent contrast reversal observed in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. Indeed, the bent position is neither static nor rigid: as proved by NMR^[@ref8]^ and X-ray diffraction^[@ref9]^ conducted on Co-TPP-NO in the solid state, NO is swinging over four equivalent positions on one side of the porphyrin plane. The dynamic move of the nitrosyl ligand makes it difficult to compare the measured STM images to STM simulations (not shown) that only consider one static configuration.

![Atomistic models obtained from DFT calculations where Co-TPP is placed over the bridge site of Ag(111) with the κ-pyr groups aligned with the dense packed rows. (A) Top view of the p(11 × 5√3) rectangular unit cell considered in the DFT calculation. (B) Side zoom-in view of (A) with key bonding distances in Å where the phenyl substituents are been removed for clarity. (C) Perspective view of the ligated porphyrin where the substrate has been removed and the phenyl substituents are shaded for clarity.](nn-2013-010582_0004){#fig4}

![Simplistic molecular orbital (MO) diagram displaying the binding interaction between the frontier orbitals of NO and the d orbitals of the cobalt atom in the porphyrin structure as adsorbed on the metal surface. Because of the suppression of a surface-to-porphyrin charge donation after NO coordination, the electronic structure of adsorbed NO-Co-TPP is approximated by an isolated porphyrin species. This gives rise to the frontier orbitals of NO-Co-TPP, represented schematically (left panel, side view) and by means of *ab initio* calculations (right panel, side and top views).](nn-2013-010582_0005){#fig5}

After having optimized the interfacial structure, one needs to perform a vibrational analysis to obtain insight into the possible active vibrations in IETS. In the following analysis, the IET signals simulated for the lowest and highest frequency modes of the adsorbate can be discarded due to the absence of (noise-free) experimental data in these regions. As explained in the methodology section, the vibrational modes for the adsorbed porphyrin sketched in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} have only been considered in the inner ring approximation of the adsorbed porphyrin, which consists of moving only the NO-CoN~4~ subunit while the rest of porphyrin is kept rigid (model A in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). In order to quantify the error made in the frequency values calculated within this model, the vibrations within two other models (labeled B and C in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) have been calculated. When comparing the frequency values between model A and model B, the adsorption effect is accounted for. Accordingly, when comparing model C and model B, the inner ring effect is quantified in the gas phase. From [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, the adsorption effect costs about +2 meV, while the inner ring effect is not homogeneous among the frequencies, although it remains limited to ±1--2 meV. In total, our approximation (model A) yields an error of ±1--4 meV, which is smaller than the intrinsic errors arising from the choice of the DFT functionals. Moreover, the IETS signal is only detected in the close vicinity of the molecule center. Hence, our model is meaningful for the subsequent comparison between experimental and simulated IETS spectra, and the error bar is expected to range about a few meV.

![Illustration of the three levels of vibrational analysis described in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}: (A) adsorbed, ring; (B) isolated, ring; and (C) isolated, total. The adsorbate atoms that are included in the calculations of the normal modes are shaded blue. Model A corresponds to the relaxation of the inner porphyrin ring (NO-CoN~4~ part), while being adsorbed on the Ag(111) surface; model B to the similar subunit in the gas phase; and model C to an entire relaxation of the ligated porphyrin structure in the gas phase.](nn-2013-010582_0006){#fig6}

###### Calculated Energies of the Vibrational Modes of NO-Co-TPP in the Three Approximations Illustrated in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}[a](#tbl1-fn1){ref-type="table-fn"}

  vibration (meV)          model A   model B   model C
  ----------------------- --------- --------- ---------
  (Co--N~2~) twisting        60        59        80
  (Co--N~2~) twisting        57        56        80
  (Co--N~3~) twisting        56        55        80
  (Co--N--O) scissoring      48        46        46
  (Co--N) rocking            40        38        40
  (Co--N--O) rocking         37        35        36
  (N--O) rocking             23        21        20
  (Co--N--O) FT~*z*~         19        19        14
  (N--O) FT~*y*~             13        12        12
  (N--O) FT~*x*~             10         7       5--8

Only vibrations \<60 meV are displayed as higher frequencies were not experimentally accessed with IETS.

In [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, we show the IETS activities per vibration mode calculated in % efficiency at the center of the adsorbate for the NO-ligated Co-TPP (a) and the bare Co-TPP (b) species adsorbed on Ag(111). We first discuss the simulated IETS signature of the NO-Co-TPP adsorbate. Ten vibrations were computed in the experimentally accessed region (roughly below 60 meV) and are sketched in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. Only three of them yield a measurable inelastic signal marked with colors and involve the frequencies of 10, 13, and 37 meV. Two of these modes belong to translational motions of NO, which are intrinsically coupled to surface phonons due to their manifestation in the low-energy region (*i.e.*, 10 and 13 meV). The other active normal mode corresponds to a Co--N--O in-plane rocking vibration at 37 meV. At first sight, there seem to be some discrepancies between the calculated ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}) and measured ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) IET spectra. The low-energy modes (10 and 13 meV) have not been detected experimentally. However, the calculated IET signals of these two frustrated translation (FT) modes are not reliable because in reality they may be polluted by the coupling to other modes within the same energy window (*i.e.*, low-frequency modes of the rest of the porphyrin atoms and metallic phonons). A valuable comparison between the IETS experiments and theory within this energy window below 20 meV is not yet possible also because the measurements in this region suffer from spurious noise contributions (see the raw data in [Supporting Information](#notes-1){ref-type="notes"}). This is the reason why the IETS spectrum presented in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} is a difference spectrum between the bare and NO-ligated species: such method allows one to focus on NO-related signals. After excluding the 10 and 13 meV modes from our experiment--theory IETS comparison, we conclude that only the rocking mode at 37 meV, which involves the Co--N--O moiety, can be associated with the signature of the experiment. As such, our theoretical IETS simulations yield a theoretical spectrum with a single signal in very close agreement with the measured IET spectrum that displays only one narrow peak at 31 meV ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). It is interesting to note that other modes which have some contributions on the axial NO ligand (*i.e.*, the frequencies of 23 and 40 meV) turn silent in IETS.

![(a) (Left) Simulated IET spectra of NO-Co-TPP/Ag(111) above the center of the molecule; η is the inelastic fraction of electrons per vibration mode with a classification of the normal modes corresponding to the indicated vibration energies. The average experimental detection threshold of 1% is indicated by a horizontal red line. Three modes are active and highlighted in colors. The two low-energy modes marked in black Moiré are however discarded (see text). (Right) Simulated inelastic efficiency η over NO-Co-TPP/Ag(111) at a fixed *V* bias of 37 mV. The inelastic signal is spatially localized slightly off-center of the molecule. (b) Simulated IET spectra of bare Co-TPP/Ag(111) above the center of the molecule. None of the modes exceeds the experimental detection threshold of 1%. Energy values are in meV and correspond to vibrational calculations following model A in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. In the vibrational analysis, the directions of the lateral motions of participating atoms are indicated by arrows, correlated in size to the represented vibrational amplitudes. Movements directed out of the plane, toward or away from the reader, are displayed by + and -- signs, respectively.](nn-2013-010582_0007){#fig7}

Discussion {#sec4}
==========

In the following discussion, we will show that our simulated spectra follow the selection rules of IETS, which have already been edicted on the response of small molecular adsorbates.^[@ref25],[@ref29],[@ref31]−[@ref38]^ It is interesting to see whether the same arguments hold true for this significantly larger molecule, which is to date the largest interface that has ever been considered in IETS simulations. The rule used to rationalize IETS in a straightforward way is the following: the vibration modes that yield large IET signals are those that can effectively modulate the electronic structure at the tunneling energy and affect the tunneling barrier. To understand IETS, it is therefore important to first determine the prevailing states for tunneling. For NO-Co-TPP, the frontier states---the HOMO and LUMO states sketched in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}---involve a major contribution on the NO ligand. From an energetic point of view, both are eligible to contribute to the inelastic response. However, we also need to take the "tunneling barrier" criteria into account that has recently been revealed elsewhere.^[@ref32]^ This additional rule states that an electronic state survives in the spectroscopic tunneling if it offers a significant penetration into vacuum (dangling states). The HOMO state of NO-Co-TPP should therefore prevail over the LUMO, as it has large contributions on the Co, N, and O atoms that point into vacuum along the *z*-direction of their atomic orbitals (*e.g.*, out-of plane p~*z*~ and d~*z*^2^~), while the LUMO lies in closer vicinity of the surface by having its contributions on the N and O atoms oriented parallel to it in the *x*- and *y*-directions ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Hence, vibrations for which the movement of atoms remains in the normal plane like the rocking mode at 37 meV (indicated with arrows in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}) will overlap with the electronic HOMO state and will consequently be active in IETS. On the other hand, vibrations for which the atoms move out of the plane (indicated with + and -- signs in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}) become inactive since they cannot overlap with the HOMO, as is the case for the two rocking modes at 40 and 23 meV.

Finally, we have also verified that employing the same simulation approach for the bare adsorbed porphyrin does not yield a result that could alternatively explain the singlet peak at 31 meV seen by experiment ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). In [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} (bottom), we show the spectrum for its few vibrations below 60 meV, acquired at the same central position close to the Co atom. As becomes clear, none of these modes yield a detectable IET signal (all η efficiency values lie below 0.7%). However, one may question whether the prominent tunneling states for the bare porphyrin are also localized around the central region of the porphyrin in order to validate the inner ring model used for the vibrations. Indeed, the two frontier states coherent with the two-fold symmetry of the STM contrast have strong contributions on the CoN~4~ part (see [Supporting Information](#notes-1){ref-type="notes"}). Hence our comparative IETS simulations unambiguously confirm the experimental findings that nonligated Co-TPP is inactive in IETS. In addition to our successful reproduction of the single measured IET signal at 31 meV for NO-Co-TPP, this permits illustration of the power of IETS simulations. IETS activity can thus be used as an indicator to sense and probe central, axial NO ligation on adsorbed metalloporphyrins.

Conclusion {#sec5}
==========

The combination of STM-IETS experiments and DFT calculations has proven to be a powerful tool for the identification of the IET activity of vibration modes of NO-ligated Co-TPP immobilized on a metallic substrate. The low binding energy of NO on Co-TPP hinders an extensive investigation of the electronic structure but, on the other hand, enables a controlled desorption, providing a distinct writing process on a molecular level. While the bare molecules display no IETS signal, the NO-ligated porphyrin exhibits a clear activity of a single vibration at an energy of 31 meV. Due to exhaustive IETS simulations, it was possible to assign the origin of this singlet peak acquired above the ligated species. Among many vibrations, one unique mode was found to be active, corresponding to the Co--N--O in-plane rocking mode. The IETS propensity rules that were verified earlier on much simpler molecules are extended to these complex species. In summary, this combined experimental and theoretical work succeeds for the first time in getting a fingerprint of the vibronic characteristic of NO-Co-TPP on a noble metal surface. In the future, it will be interesting to extend this methodology to other gaseous adducts on nanoconfined metalloporphyrins and related complex metal-organic units.

Experimental Section {#sec6}
====================

All experiments were performed in a commercial low-temperature STM based on the design described in ref ([@ref43]), mounted in a custom-designed ultrahigh vacuum (UHV) chamber. The system base pressure was below 2 × 10^--10^ mbar, and all measurements were performed at 6 K to obtain high-resolution topographic and spectroscopic data. In the figure captions, *V* refers to the bias voltage applied to the sample. The STM images were taken in constant current mode and are processed by the WsXM program ([www.nanotec.es](www.nanotec.es)). The etched tungsten tip is prepared by argon bombardment and silver-coated by controlled dipping into the bare surface. The noble metal single-crystal surface was prepared by repeated cycles of argon sputtering (800 eV ion energy) and annealing to 725 K. Subsequently, Co-TPP was deposited by organic molecular beam epitaxy (OMBE) from a quartz crucible held at 625 K with a typical rate of less than one monolayer per hour. The porphyrins were synthesized by the Ruben group at Karlsruhe Institut für Technologie and degassed carefully, resulting in a background pressure in the mid-10^--10^ mbar range during evaporation. After depositing the porphyrin molecules at room temperature, the sample was cooled to 150 K for the dosing of nitrogen monoxide (NO, specified purity 99.8%) *via* a leak valve and subsequently transferred into the STM. Upon scanning, NO can be transferred to the STM tip, modifying the contrast and increasing the resolution.

In the presented experiments, we applied submonolayer coverages of the porphyrins and also kept the NO occupation of the porphyrins clearly below the saturation values in most experiments. This procedure results in clean metal patches, bare and decorated porphyrins on the same surface, and allows us to take measurements on all species with the very same tip under identical conditions. It should be noted that a full monolayer coverage as well as a full saturation of all porphyrins by the NO ligands can be achieved without difficulty, as shown in the controlled desorption experiments where initially all porphyrins were ligated (cf. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).

The inelastic (d^2^*I*/d*V*^2^) tunneling spectra are taken by using the lock-in technique. To improve the signal-to-noise ratio, typically 20 individual spectra were recorded and averaged. This allowed us to restabilize the tip after every spectrum. We applied a lock-in frequency of 398 Hz with a bias modulation of Δ*V*~rms~ = 3.5 mV. The duration of a single spectrum was 60 s.

Theoretical Section {#sec7}
-------------------

For the first-principles study, an ensemble of theoretical tools was employed within the framework of periodic density functional theory (DFT) using the Vienna Ab Initio Simulation Package (VASP).^[@ref44],[@ref45]^ For the consideration of electron--ion interactions, the projector-augmented wave (PAW) scheme^[@ref46],[@ref47]^ was used. The electronic one-particle wave functions were expanded in a plane wave basis set to an energy cutoff of 400 eV. The molecule--surface interactions for large π-orbital systems as the porphyrins in this study are mainly driven by van der Waals interactions, which may constitute a problematic case with the standard local and semilocal approximations to DFT due to the absence of dispersive forces. Here, we use the local density approximation (LDA)^[@ref48]^ to describe electron correlation and exchange interactions because it tends to approximately compensate for the lack of treating van der Waals interactions. The use of LDA is justified as it has previously yielded quantitative distances in related adsorbed π-orbital molecular systems.^[@ref49]−[@ref52]^ Furthermore, non-spin-polarized calculations have been conducted for both bare Co-TPP and NO-Co-TPP adsorbed on the Ag(111) surface. Although pristine gas-phase Co-TPP initially has a molecular spin (one unpaired electron in the Co d~*z*^2^~ orbital), this magnetism is suppressed when it adsorbs on a Cu surface by an electronic coupling between Co and the two nearest Cu neighbors.^[@ref15]^ We have carefully verified that the spin quenching holds similarly for a bare Co-TPP on a Ag surface. Additionally, when Co-TPP ligates the NO radical and forms the NO-Co-TPP complex, the molecular spin is cut but this time by the electronic coupling with the ligand. Hence, the adsorbed systems in this study remain closed shell.

The adsorptions of bare Co-TPP and NO-Co-TPP on the Ag(111) surface were modeled in the supercell approach, using repetitive slabs with a large p(11 × 5√3) surface periodicity. Each unit cell consisted of three atomic monolayers of silver onto which the molecules were absorbed, corresponding to over 400 atoms. The vacuum region between adjacent slabs is fixed to 15 Å. Integration over the first Brillouin zone was performed at the Γ-point with a Methfessel--Paxton smearing of 0.2 eV. The geometry optimizations of the adsorption complexes were carried out by relaxing the molecular degrees of freedom until atomic forces reached below a 0.05 eV/ Å threshold. To reduce computational cost, the metal was kept rigid in its standard (111) slab configuration as defined by the theoretical lattice parameter calculated for bulk silver (4.02 Å).

The vibrations of these complex interfaces were evaluated by diagonalizing the dynamical matrix obtained from VASP while only taking some degrees of freedom of the adsorbate into account due to computational cost. Accordingly, only normal modes involving the central cobalt atom and nitrogen atoms composing the inner porphyrin ring were considered for Co-TPP, henceforth referred to as the ring approximation. As the coupling of low-energy vibrations to surface phonons was not accounted for in this study, possible IETS contributions from frustrated modes, particularly influenced by the latter, will be omitted from any subsequent analysis. In order to validate the obtained frequencies in the ring approximation for the entire NO-Co-TPP structure in the adsorbed phase, we performed equivalent vibration analyses of an all-included atom relaxation in the gas phase. Thus, we were able to quantify the possible deviations of our vibration approximation (see [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}).

Finally, the IETS simulations of the porphyrins were carried out using a computational procedure based on a many-body extension^[@ref53],[@ref54]^ of the Tersoff--Hamann theory. Herein, the relative change in conductance Δσ/σ = ∂^2^*I*/∂*V*^2^/∂*I*/∂*V* = η in the tunneling regime is obtained by considering the relative change in LDOS due to the perturbation of the wave function by the molecular vibration. Although the recorded IET spectrum strongly depends on the tip's position above the molecular species, only the center position has been selected here because this is the experimentally most relevant location.
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